An accurate line list for calcium oxide is presented covering transitions between all bound ro-vibronic levels from the five lowest electronic states
INTRODUCTION
The discovery of candidate "Lava planets", such as Corot-7b (Leger et al. 2009 ), Kepler-10b (Rouan et al. 2011 ) and 55 CnC e (Winn et al. 2011) , which are thought to support day-side temperatures around 3000 K, has opened a completely new field of (exo-)planet spectroscopy. Theoretical studies have proposed possible formation mechanisms for these planets (Leitzinger et al. 2011) , compositions for their hot atmospheres (Castan & Menou 2011; Schaefer et al. 2012) and their possible spectroscopic signatures (Ito et al. 2015) . They are considered important targets for space telescopes wishing to perform spectroscopic characterisation of their atmospheres (Tinetti et al. 2012; Samuel et al. 2014; Tinetti & et al 2015) .
Calcium oxide, which is quicklime in its solid form, is a possible constituent of rocky type exoplanets where it should exist in a gaseous form at higher temperatures. However, to the best of our knowledge the CaO molecule has not yet been detected astronomically although it has been searched for in molecular clouds by Sakamoto et al. (1998) . Hocking et al. (1979) estimated the flux-range for CaO absorption in stellar atmospheres and molecular clouds; this analysis has been extended to the atmosphere of exoplanet CoRoT-7b by Guenther et al. (2011) who suggest that the signature for CaO should be particularly strong.
The first experimental study of the gaseous hot CaO using discharge was performed by Child (1911) . Brodersen (1932) performed an experimental study of the A 1 Σ + -X 1 Σ + electronic system of CaO, which was later complemented and reanalyzed in a series of experimental works by Lagerqvist and co-workers (Hultin & Lagerqvist 1950 , 1951 Lagerqvist 1954; Lagerqvist & Huldt 1954b,a; Lagerqvist et al. 1957 ) and also in a theoretical work by Field (1974) . A number of band heads from the A 1 Σ + -X 1 Σ + system were reported experimentally by Brewer & Hauge (1968) . Recently the A 1 Σ + -X 1 Σ + electronic system was addressed by van Groenendael et al. (2005) in their comprehensive study with the high-resolution Fourier transform spectroscopy. The strong A ′ 1 Π-X 1 Σ + band was studied experimentally by Field et al. (1975) with a number of band heads corresponding to vibrationally excited states reported and by Focsa et al. (2000) where a large number of ro-vibronic transitions were assigned. Hocking et al. (1978) reported millimeter wave spectra of CaO and also attempted a search of CaO in stars and molecular clouds though without success. The hot infrared spectrum of CaO (X 1 Σ + -X 1 Σ + ) was observed by Blom & Hedderich (1988) and Hedderich & Blom (1989) .
The orange arc bands of CaO, which arise from transitions between excited triplet states were studied by Marks et al. (1982) and Plane & Nien (1991) . Other experimental works on the electronic spectra of CaO include studies of the c 3 Σ + -a 3 Π band using the sub-Doppler intermodulation spectroscopy by Norman et al. (1989) , B 1 Π -b 3 Σ + bands by Baldwin & Field (1990a) and the green-band transitions of the F 1 Π -A ′ 1 Π and B 1 Π -A ′ 1 Π systems by Baldwin & Field (1990b) using the dispersed laser fluorescence spectroscopy; the
Π bands using a combination of laser-induced fluorescence, resolved fluorescence, and optical double resonance techniques by Baldwin & Field (1989) ; Baldwin et al. (1990) . The electronic transition strengths of the B 1 Π -X 1 Σ + and C ′ 1 Σ + -X 1 Σ + bands of CaO were determined by absorption measurements in a shock tube by Svyatkin et al. (1980a,b) .
Lifetimes of the A 1 Σ + -X 1 Σ + and orange arc bands were measured by Plane & Nien (1991) , which provide a useful check for our ab initio transition dipoles and hence predicted intensities. Dissociation energies were obtained experimentally by Drowart et al. (1964) using mass spectroscopy and by Irvin & Dagdigian (1980) from chemiluminescence. On the ab initio side, Khalil et al. (2011 Khalil et al. ( , 2012 reported high level ab initio studies of CaO including accurate potential energy curves (PECs), spin-orbit curves (SOCs), electronic angular momentum curves (EAMCs), dipole moment curves (DMCs), transition dipole moment curves (TDMCs) as well different structural properties including the dissociation energies. These results provide the input to our nuclear motion calculations and are considered in detail below.
The aim of this work was to produce a molecular line list for calcium oxide, 40 Ca 16 O (hereafter CaO), as part of the ExoMol project . This line list is a catalogue of transitions required for modelling absorption/emission of the molecule in question. We use the ab initio curves by Khalil et al. (2011 Khalil et al. ( , 2012 ; covering the lowest five electronic states,
The ab initio PECs, SOCs, and EAMC were refined by fitting to the experimental energies and transition frequencies from the literature. The line list is used to simulate different spectra for a range of temperatures of CaO which we validate against experiment.
METHOD
We use the program Duo to solve the fully coupled Schrödinger equation for the lowest five electronic states of CaO. The details of the Duo methodology used for building accurate, empirical line lists for diatomic molecules has been extensively discussed elsewhere (Patrascu et al. 2014 (Patrascu et al. , 2015 Yurchenko et al. 2015; Tennyson et al. 2016a) . The initial PECs, SOCs, EAMCs used were taken from Khalil et al. (2011 Khalil et al. ( , 2012 ; and are shown in Figs. 1, 2, and 3. These curves were obtained using the multi-reference configuration interaction (MRCI) calculations in conjunction with the aug-cc-pV5Z and cc-pCV5Z basis sets for O and Ca, respectively.
Our Duo calculations used a grid-based Sinc method with 501 points ranging from 1 to 4Å to solve the five un-coupled vibrational eigen-problems for each state separately. The lowest 80 (X 1 Σ + ) and 50 (A 1 Σ + , A ′ 1 Π, a 3 Π, and b 3 Σ + ) vibrational eigenfunctions were then used as the vibrational basis functions for the ro-vibronic, fully coupled problem in a Hund's case a representation. This problem is solved variational for each total angular momentum quantum number, J, and parity by explicit diagonalisation of the coupled-states Hamiltonian.
EXPERIMENTAL DATA AND REFINEMENT
The ab initio PECs, SOCs, and EAMs were refined by fitting to the experientially derived energies and transition frequencies. This refinement used the same fitting approach as Patrascu et al. (2015) .
Only the a 3 Π state dissociates to lowest products of O( 3 P) and Ca( 1 S); the other curves go asymptotically to the first excited state of Ca, Ca( 3 P), although this also involves avoided crossings in most cases. This asymptote lies 15200 cm −1 (1.88 eV) higher than the lowest dissociation channel. We used the experimental dissociation value 4.11± 0.07 eV of Irvin & Dagdigian (1980) to set the dissociation asymptote of the a 3 Π relative to the minimum of the ground electronic state, while the next dissociation channel O( 3 P) + Ca( 3 P) was fixed to the value 4.11 + 1.88 = 5.99 eV. This value can be compared to the De value of 6.13 eV (MRCI+Q) by Khalil et al. (2011) . The corresponding estimates of De(O( 3 P) + Ca( 1 S)) from the literature are 4.049 eV (CCSD(T)/cc-pCVQZ) by Iron et al. (2003) , 3.29 eV (MRCI + Q) (Khalil et al. 2011) 4.05 eV ±0.07 (empirical D0) and 3.081 eV (deperturbative D0) due to Field (1974) . Our zero-point-energy is 364.675 cm −1 (=0.045 eV). It is technically easier, at least initially, to do empirical refinement by fitting to energies rather than transition frequencies. 
and L y3 (a-b) are defined in Eqs. (10,24) of Khalil et al. (2012) .
To do this we built a set of experimental energies from different sources as follows. The energy term values corresponding to the A ′ 1 Π, a 3 Π, b 3 Σ + states were taken directly from Norman et al. (1989) ; Baldwin & Field (1990a) . Additional X 1 Σ + and A ′ 1 Π energies were derived from the transition frequencies reported by Focsa et al. (2000) (supplementary material) using combination differences. We also initially used a large set of experimentally derived term values of the (v = 6, 9, 12) and A ′ 1 Π (v = 7, 13) vibronic bands, all with J 60 by van Groenendael et al. (2005) . After a preliminary refinement of the ab initio curves to this set, our prediction had significantly improved and we could confidently start working directly with the experimental frequencies from the supplementary material by van Groenendael et al. (2005) (kindly provided by one of the authors). This material is a more extensive set of actual experimental emission frequencies ranging from J = 0 up to J = 118, i.e. even beyond J = 60 reported in their paper. All transitions are assigned J and parity (rigorous quantum 'numbers') as well as vibronic states labels (A 1 Σ + , v = 0 − 5). Some transitions from the resonance regions are represented in this material by two or three entries with identical assignment. These extra lines appear due to the intensity stealing caused by the resonances of closely lying states (in this case highly vibrationally excited a 3 Π and A ′ 1 Π). Despite the fact that resonances make the modelling much more challenging, they provide a unique opportunity of accessing energies from the dark electronic states, which otherwise are unaccessible or difficult to observe.
Using these data and relying on van Groenendael et al's rigourous quantum numbers (J and parity) we have reconstructed the upper state energies associated with these bands by combining their experimental A 1 Σ + -X 1 Σ + transitions (including the resonance ones) with 'our' experimentally derived energies of the (lower) X 1 Σ + state. Most of the upper state energies were supported by 6 -10 transitions and all energy levels characterised by only a single transitions were omitted from our analysis, thus confirming the correct assignment of their Js and parities. The A 1 Σ + state ro-vibronic energy levels were obtained as an average of the corresponding upper states energy levels, which resulted in 630 levels including 250 new ones in addition to the set reported by van Groenendael et al. (2005) . It should be noted that we could not find any transitions associated with the a 3 Π (v = 6) vibronic band as well with the J = 38, 39, v = 9 (a 3 Π) levels in these data. Therefore they were not included into our fitting set.
Last but not least, a set of experimentally derived energies were extracted from the experimental work by Hultin & Lagerqvist (1950) , where the A 1 Σ + -X 1 Σ + system was analysed. Most of these transition wavenumbers, which are reported with an uncertainty of >0.01 cm −1 , are outdated by the more accurate data of van Groenendael et al. (2005) , except those involving the (6, 3) and some of (5, 2) vibrational bands. Using these transitions together with 'our' experimentally derived X 1 Σ + -state energy levels we were able to extend our fitting set by about 30 term values from the (A 1 Σ + , v = 6) vibronic band. The ro-vibronic assignment (both using rigourous and approximate quantum labels) of the experimental energies/frequencies is crucial in the fits. At the first step we had to use the assignment provided by van Groenendael et al. (2005) . However after initial fits we could already rely on the assignment suggested by our Duo model, which is based on the largest basis set contributions (i.e. largest expansion coefficient). It turned out, however, that our assignments differ at high J from those by van Groenendael et al. (2005) in one important aspect related to the behaviour of resonating vibronic states at and after their crossing (in terms of J progression). This is illustrated in Fig. 4 , where a network of the rovibonic progression as a function of J from the region of the vibronic state + progressions tend to switch either to a 3 Π or A ′ 1 Π when they cross. This contrasts with our picture, which places most of the transitions from this system in the strong
band, except for those resonance states that appear to be due to the intensity stealing (X 1 Σ + , a 3 Π, and A ′ 1 Π). This also applies to our newly derived energies above J = 60, as can be seen in Fig. 5 . Therefore in our fits are based on our assignment which we believe to be reliable. As mentioned above, the positive effect of the resonances is that they provide access to other vibronic bands otherwise not visible to the experiment. Especially valuable cases are when more than two states cross which results in transitions from dark bands as well. As an illustration Fig. 5 shows the resonance region where three vibronic states (A 1 Σ + , v = 1), (A ′ 1 Π, v = 6) and X 1 Σ + v = 18 meet at J = 54 − 57 and all three states are represented experimentally. The theoretical data here represent our best model after the refinement. As one can see the Duo calculations provide not just qualitatively but also quantitatively correct description of the resonance. It is reassuring that even the shapes of the J-progression of the both dark vibronic states (A ′ 1 Π, v = 6, green squares) and (X 1 Σ + , v = 18, red squares) agree with the corresponding progressions formed by the experimental levels (stars). Again, this is a unique situation when due to intensity stealing we get access to a highly excited (e.g. v = 18) region of the X 1 Σ + PEC; this is especially valuable for high temperature applications. Our complete energy set consists of 2204 term values covering the rotational excitations up to J = 118. At the final stage of the refinement we could include the original experimental transition wavenumbers from Hultin & Lagerqvist (1950) ; van Groenendael et al. (2005); Focsa et al. (2000) . Such a combined treatment was also used in our AlO work (Patrascu et al. 2014) . Our final fit optimised all ab initio curves from Khalil et al. (2011) , including five PECs, six SOCs, and three EAMCs but excluding the electronic angular momenta L 2 curves. The latter are effectively embedded into the corresponding refined PECs. In the refinements of the ab initio SOCs and EAMCs we used the morphing procedure explained by Patrascu et al. (2014) . Most of these curves remained very similar to the ab initio ones (the morphing factor is close to 1), except EAMCs Ly1A and Ly3 (see Fig. 2 ), which are scaled by the factors 0.13 and -0.36, respectively.
The b 3 Σ + state has a very limited experimental description, only the state v = 1 with J = 14 − 25 were characterised by Baldwin & Field (1990a) , which is clearly not sufficient for an unambiguous determination of the corresponding PEC. We have represented the ab initio PEC (Khalil et al. 2011) analytically using an Extended Morse Oscillator (EMO) function (Lee et al. 1999) , where the dissociation value was changed to agree with the common value of De=5.99 eV (relative to X 1 Σ + ) and the Te and re values were refined by keeping all other parameters from the Morse exponent unchanged. Due to the limited data our results represent only a possible solution for this state. Figure 6 illustrates the accuracy of the fit. The root-mean-squares error for all experimental energies up to J = 118 is 0.40 cm −1 , (0.07 cm −1 for X 1 Σ + , 0.15 cm −1 for A ′ 1 Π, 0.43 for a 3 Π, 0.8 for b 3 Σ + and 0.60 cm −1 for A 1 Σ + ). It should be noted that we could not resolve all resonances in the A 1 Σ + -X 1 Σ + system, see Fig. 7 . In some cases the residuals in the resonance region are up to 1-2 cm −1 . We did not want to push the fit too strongly by introducing more parameters because we were not completely confident of the current representation of experimental data at the high energy region. For example the b 3 Σ + state is one of the important players (see Fig. 5 ), but is clearly under-sampled. Besides some of our objects already appear to be over-fitted, which could affect the accuracy of prediction for high J. Despite these relatively small numbers of outliers, we find that the our model performs exceptionally well especially for X 1 Σ + , A ′ 1 Π, and a 3 Π. Although our level of accuracy is not as high as that of effective Hamiltonian models, our extrapolations for higher v and J are likely to be much more reliable. However the high residuals in the resonance regions indicate that more work is needed in the future.
We could also compare our theoretical energies to the 'observed' a 3 Π (v = 6) term values reported by van Groenendael et al. (2005) (see their Table 1 ) and omitted from our analysis due to absence of the associated experimental evidence. We have found that our prediction is systematically off the 'observed' values of van Groenendael et al. (2005) by between 0.95 and 1.47 cm −1 , which could indicate artifacts in our model due to resonances it does not fully account for. Our assignments of the experimental states and experimental transitions can be found in the supplementary material to this paper as part of the complete list of experimental energies and frequency wavenumbers used in the fit, together with the corresponding obs.-calc. residuals. In some cases of strongly resonating states our assignment (based on the largest contribution from the basis set expansions) may become ambiguous due to equivalent contributions from resonating basis set components and lead to, for example, duplicate quantum labels. It can also fail for very high vibrational (v ∼ 20) and rotational (J > 100) excitations when the basis set functions are strongly mixed. Therefore in these and some cases the assignment is not well defined and should be used with caution.
LINE LIST
For the final line list production with Duo all potential energy and coupling curves were mapped on a grid of 501 equidistant points. This input is given in the supplementary material which allows these curves to be extracted for other purposes than running Duo.
The line list was generated using the refined PECs, SOCa, EAMCs and ab initio dipole and transition dipole moment curves. It contains 28 418 064 transitions between states covering J = 0 . . . 221 and the wavenumber range 0 -20000 cm −1 , with the lower and upper state energies ranging up to 20000 and 35000 cm −1 , respectively from the lowest five electronic states with the vibrational excitations up to v = 80 for X 1 Σ + and 50 for the other states. For the sake of completeness, the partition function was evaluated using an energy set containing 130 660 levels covering rotational excitations up to Jmax = 400.
The line list is divided into an energy file and a transitions file. This is done using the standard ExoMol format ) based on the method originally developed for the BT2 line list by Barber et al. (2006) . Extracts from the CaO line list are given in Tables 3 and 4 . The full line list can be downloaded from the CDS, via ftp://cdsarc.u-strasbg.fr/pub/cats/J/MNRA or http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/MNRAS//xxx/yy. The line lists and partition function together with auxil- iary data including the potential parameters and dipole moment functions, as well as the absorption spectrum given in cross section format , can all be obtained also from www.exomol.com. As a potentially more accurate alternative we provide an energy file where some theoretical energies are replaced with their experimental counterparts, where available, following a similar approach used by Harris et al. (2008) ; Barber et al. (2014) and Paulose et al. (2015) . By taking the advantage of the two-file structure of our line lists, this approach improves the frequencies without affecting the intensities. It guarantees the exact reproduction of the experimental frequencies (within the experimental error) when both upper and lower state energies are replaced. However a potential drawback is the loss of the consistency of the data due to the lack of the experimental information. We leave the choice between the pure theoretical and the hybrid energy files to the user.
Partition function
We used the computed energies to generate partition function values of CaO for a large range of temperatures. Figure 8 compares our partition function with that of Sauval & Tatum (1984) . The agreement below 5000 K is very good. The differences above this temperature may well be due to our neglect of higher-lying electronic states, although assumptions in the methodology used by Sauval & Tatum (1984) may also contribute. Similarly, we obtain very good agreement with the partition function given by CDMS (not shown) (Müller et al. 2005) , which only considers temperatures up to 500 K.
Following Vidler & Tennyson (2000) we represent our partition function using the functional form
where the fitting parameters an are given in Table 2 , which reproduce the partition function in Fig. 8 for entire region below 8000 K with the relative root-mean-square (rms) error of 3.6 %. Figure 9 gives an overview of the CaO spectrum and illustrates the contributions from each of the five bands. A notable feature of this figure is strength of all the bands in the system: several orders of magnitude stronger than is typical of molecular transition intensities. This can be attributed to the large charge separation in the X 1 Σ + state of CaO, which is often represented by chemists as Ca 2+ O 2− , the variation of this separation with geometry and the different nature of the excited states of CaO. All this means that the dipoles, which are shown in Fig. 3 , are all large. Figure 10 illustrates the strong temperature dependence of the spectra of molecular CaO.
Examples of spectra
In order to test the quality of our theoretical line list, we present a number of comparisons with previous works. Figure 11 compares a rotational spectrum of CaO at T = 298 K computed using our line list with the spectrum given in the CDMS database (Müller et al. 2005 ). The agreement is very good: our spectrum is slightly stronger which is a reflection of the slightly larger equilibrium X 1 Σ + state dipole moment predicted by Khalil et al. (2012) than the (unpublished) calculations used by CDMS. Figure 12 compares an A ′ 1 Π -X 1 Σ + band emission spectrum, simulated here and from the experiment by Focsa et al. (2000) . Figure 13 illustrates the emission spectrum of A 1 Σ + -X 1 Σ + band of CaO simulated at T = 2000 K using a Gaussian line profile with the half width at half maximum (HWHM) of 1 cm −1 .
Lifetimes
Excited-state lifetimes, where measured, provide an independent check on our Einstein coefficients. Plane & Nien (1991) measured an average emission lifetime for the (A 1 Σ + , v = 6) vibronic state as τ = 149 ± 11 ns for an unspecified distribution of J levels. We obtain τ = 111 ns for the (J = 20, A 1 Σ + , v = 6) and τ = 137 ns for the (J = 40, A 1 Σ + , v = 6) levels. Given the difficulty of making a precise comparison, this represents good agreement. 0.5408689698 a 10 -0.0260030674
CONCLUSIONS
We present a comprehensive line lists for calcium oxide, CaO. This line list can be downloaded from the CDS, via ftp://cdsarc.u-strasbg.fr/pub/c or http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/MNRAS/, or from www.exomol.com. CaO is one of a number of molecules which may be observable constituents of hot, rocky exoplanets. The ExoMol project has already provided linelists for a number of other, similar molecules including MgH and CaH (Yadin et al. 2012) , SiO (Barton et al. 2013 ), NaCl and KCl (Barton et al. 2014) , AlO (Patrascu et al. 2015) , ScH (Lodi et al. 2015) and NaH (Rivlin et al. 2015) . A number of other potentially important species, including VO (McKemmish et al. 2015) , TiO, TiH, NiH and CrH (Gorman et al. 2016) , are currently being studied. The ExoMol database is also currently being upgraded to provide more extensive lists of molecular properties including pressure broadening, lifetimes and Landé g-factors; details of this will be given elsewhere Tennyson et al. (2016b) .
Using our refined model we could re-assign vibronic labels for a large portion of the CaO transitions and levels given by van Groenendael et al. (2005) for J 60, and also assign their transitions with J = 60 -118. This is a reassuring illustration of the quality of our model and its ability to correctly (at least in most cases) describe the perturbations of the A 1 Σ + states due interactions with other vibronic bands. 
